The HIV-1 untranslated leader RNA can adopt two mutually exclusive conformations that represent alternative secondary structures. This leader RNA can fold either an extended duplex through longdistance base pairing or a branched conformation in which the RNA locally folds into hairpin structures. Both leader RNA conformations have the TAR hairpin in common, which forms the extreme 5′ end of all HIV-1 transcripts. We report that truncation of the TAR hairpin shifts the equilibrium between the two RNA conformations away from the thermodynamically favored long-distance interaction. However, the equilibrium is partially restored in response to the cations Na + and Mg 2+ . The transcripts with mutant TAR structures allowed us to investigate conditions affecting the competition between the alternative conformations of the HIV-1 leader RNA. We also demonstrate that the change in conformation of the leader RNA due to TAR truncations severely affects formation of the HIV-1 RNA dimer.
INTRODUCTION
The untranslated leader of the HIV-1 genome encodes several regulatory RNA motifs involved in both early replication steps (transcription, splicing and translation), as well as late replication functions (RNA dimerization, packaging and reverse transcription) (1) . A well-known example of such a regulatory RNA motif is the TAR hairpin. This hairpin structure is located at the extreme 5′ end of HIV-1 transcripts and represents one of the best-documented regulatory viral RNA motifs. The structure of TAR is supported by biochemical studies, crystallography, phylogenetic analyses and viral evolution experiments (2) (3) (4) (5) (6) (7) . The role of TAR in Tat-mediated trans-activation of the HIV-1 LTR promoter is well established (8) (9) (10) (11) . Mutation of TAR has also been suggested to cause additional defects at other stages of the viral replication cycle, such as packaging of the viral RNA into virions and reverse transcription (12) (13) (14) (15) (16) (17) .
Recently, we have reported that the HIV-1 leader RNA can adopt alternating conformations and could potentially act as a molecular switch during the viral replication cycle (18) . A novel conformation of the HIV-1 leader RNA was first identified as an unusually fast-migrating band on non-denaturing gels (19) . Formation of this fast-migrating conformer was subsequently shown to depend on a long-distance interaction (LDI) between sequences of the poly(A) and dimer initiation signal (DIS) domains, which are located downstream of TAR in the HIV-1 leader RNA (Fig. 1A) . The LDI base pairing is incompatible with the folding of local hairpin structures of the poly(A) and DIS domains, which are present in the alternative branched structure containing multiple hairpins (BMH, Fig. 1B ). The LDI duplex is an extension of the stem formed by the primer binding site (PBS) domain (Fig. 1C) , and represents the thermodynamically favored conformation of the HIV-1 leader RNA. This is supported by experimental evidence and computer-assisted structure prediction (18, 19) .
HIV-1 RNA dimerization proceeds through a kissing-loop mechanism by base pairing of the loop-exposed GCGCGC palindromes of two identical DIS hairpins (20) (21) (22) (23) ). An important feature of the LDI conformation is the trapping of the DIS sequences, such that the dimerization signal is not exposed (Fig. 1C) . We demonstrated that formation of the LDI indeed blocks dimerization, and mutants that prefer the BMH conformation readily dimerize (18) . In order to form the RNA dimer, the wild-type HIV-1 leader RNA must undergo the LDI to BMH structural rearrangement to expose the DIS hairpin (Fig. 1B) . This structural rearrangement is facilitated by the Gag-derived nucleocapsid (NC) protein, which possesses nucleic acid chaperone activity (18) .
Although the 5′ TAR hairpin takes no direct part in LDI base pairing, transcripts with mutant TAR structures form this conformation with reduced efficiency (18) . In this study, we investigated the influence of the HIV-1 TAR structure on the LDI:BMH equilibrium. We show that reduced LDI folding due to mutations in TAR does result in increased RNA dimerization, which is in accordance with a preference for the BMH conformation. However, the LDI folding defect of transcripts with mutant TAR structures can be overcome by adjustment of the buffer composition and the renaturation procedure. In particular, the cations Na + and Mg 2+ influence the equilibrium between the LDI and BMH conformations of the HIV-1 leader RNA. 
MATERIALS AND METHODS

In vitro transcription
RNAs were in vitro transcribed from PCR generated templates containing a T7 promoter directly upstream of the natural HIV-1 LAI +1 transcriptional start site or the indicated start positions. PCR was performed on the pBluescript 5′ LTR plasmid. The T7 promoter sequence was present in the sense primers, thus introducing the T7 promoter at desired positions. PCR fragments were precipitated with ethanol and washed before use in transcription reactions. Transcription was carried out with the Ambion megashortscript T7 transcription kit according to the manufacturer's instructions. Radiolabeled transcripts were synthesized in the presence of [α-32 P]UTP. Transcripts were subsequently excised from a 4% denaturing polyacrylamide gel (visualized by UV-shadowing or autoradiography) and eluted from the gel fragment by overnight incubation in 0.3 M Na acetate buffer (pH 5.2) at room temperature. The RNA was then precipitated and dissolved in water. Purified transcripts in water were heated to 85°C and allowed to slowly cool to room temperature. The stock solutions of RNA were stored at -20°C and aliquots were taken for subsequent analysis. Quantification of the RNA was done by UV-absorbance measurements and scintillation counting in case of radiolabeled transcripts.
In vitro RNA studies and non-denaturing electrophoresis
For electrophoretic analysis, ∼10 ng of radiolabeled RNA was incubated in a final volume of 10 µl buffer. Buffers used: Tris (10 mM Tris-HCl pH 7.5), TEN buffer (100 mM NaCl, 10 mM Tris-HCl, EDTA pH 7.5) and TN buffer (100 mM NaCl, 10 mM Tris-HCl pH 7.5) supplemented with 0.1 or 1.0 mM MgCl 2 . Initially, transcripts were incubated in TEN buffer at 37°C for 30 min (Fig. 2 ), but in subsequent experiments the RNA was heated to 60°C in the buffer and slowly cooled to room temperature. Annealing of antisense DNA was done in TEN buffer by heating to 60°C and subsequent cooling to room temperature. We used 100 ng of the antisense oligo CN1 (5′-GGTCTGAGGGATCTCTAGTTACCAGAGTC-3′), which is complementary to nucleotides 123-151 of the HIV-1 leader RNA and was selected from a set of antisense oligonucleotides that effectively denature the LDI conformer (19) . Dimerization assays were carried out in a final volume of 10 µl dimerization buffer (40 mM NaCl, 0.1 mM MgCl 2 and 10 mM Tris-HCl pH 7.5). RNA concentration was varied as indicated for each sample (see Fig. 5 ). Dimerization samples were incubated at 60°C for 30 min and subsequently allowed to cool to room temperature.
After incubation, the samples were chilled on ice and diluted with 5 µl loading buffer (30% glycerol with BFB dye). Heat denaturation of control samples was carried out in formamide loading buffer by heating at 85°C. Samples were analyzed on a 4% polyacrylamide gel in 0.25 × TBE (22.5 mM Tris, 22.5 mM boric acid, 0.625 mM EDTA) or 0.25 × TBM (22.5 mM Tris, 22.5 mM boric acid, 0.1 mM MgCl 2 ). Native gels were run at 150 V at room temperature. Some samples were also analyzed on 6% sequencing gels containing urea.
RNA secondary structure prediction
Computer-assisted RNA secondary structure prediction was done using the Mfold v3.0 algorithm (24) (25) (26) offered by the MBCMR Mfold server (http://mfold.burnet.edu.au/). Settings were standard for all folding jobs, corresponding to conditions at 37°C and 1.0 M NaCl, using a 5% suboptimality range. The sequence of the HIV-1 B LAI isolate was downloaded from the HIV database (http://hiv-web.lanl.gov/). All truncated RNA species used in this study were analyzed by Mfold.
RNA absorbance melting curves
RNA thermal denaturation was monitored by measuring the absorbance of UV light at 260 nm in a quartz cuvette with a standard 1 cm path length. Absorbance was measured over a Regions corresponding to previously proposed secondary structures are boxed and identified by abbreviations: the TAR hairpin, the poly(A) hairpin containing the AAUAAA hexamer, the U5-leader stem containing the PBS, the DIS, the splice donor site (SD), the major packaging signal (ψ) and the Gag start region (AUG). The positions of the R and U5 regions and the Gag open reading frame are indicated by lines. (B) Alternative secondary structures of the HIV-1 leader RNA. Several structure and sequence elements are highlighted: the TAR bulge and loop (green), the AAUAAA polyadenylation signal (orange), the PBS (blue) and the DIS palindrome (pink). The ground state conformation contains an extended R-U5-leader stem, which is the result of a LDI between the poly(A) and DIS domains. The alternate conformation exposes the poly(A) and DIS hairpins and takes the form of a BMH. The BMH monomer allows the formation of RNA dimers through base pairing of the palindromes of two DIS loops. The structural rearrangement from LDI to BMH is facilitated by the NC protein, which is indicated by red ovals on the BMH structure. (C) Detailed secondary structure model of the LDI conformation, color markings as in (B). Start sites of truncated transcripts are indicated at positions 10, 17, 29 and 58. The structure of the PBS region is according to (37) and Beerens,N., Groot,F. and Berkhout,B. (submitted for publication).
continuous temperature range from 10 to 95°C on a temperature controlled Perkin Elmer Lambda 2 spectrophotometer. Temperature was increased at a rate of 0.5°C/min with sampling at each 0.1°C. Samples contained ∼3.0 µg of RNA dissolved in 140 µl of 50 mM Na cacodylate buffer (pH 7.2), supplemented with 0, 0.1 or 1.0 mM MgCl 2 . Prior to the measurement, the RNA was renatured by incubation in the cacodylate buffer at 37°C for 30 min, after which MgCl 2 was added. Electrophoretic analysis of the samples prior to the analysis confirmed the monomeric state of the RNA (not shown). No significant degradation of the transcripts was apparent after the measurement, as judged by gel analysis (not shown).
RESULTS
Mutations in TAR affect the conformation of the HIV-1 leader RNA
As part of an extensive mutational analysis to identify the domains involved in formation of the LDI we analyzed HIV-1 transcripts with mutations in the 5′ TAR hairpin. A nested set of transcripts with variable 5′ ends was analyzed on a non-denaturing polyacrylamide gel (Fig. 2 ). This 5′ truncated set contains transcripts starting at nucleotide positions 10, 17, 29 and 58, as indicated in Figure 1C , and causes the stepwise disruption and eventual removal of the TAR hairpin. All transcripts share a common 3′ end, position 290, which extends beyond the minimal 3′ domain required for LDI formation (18) . The wildtype 1/290 transcript forms the LDI and exhibits the characteristic fast electrophoretic mobility (Fig. 2, lane 1) , which is lost after annealing of the antisense oligonucleotide CN1 (Fig. 2,  lane 6 ). This antisense DNA binds to the U5 region of the HIV-1 leader RNA and effectively disrupts the LDI conformation (19) . Transcripts starting at position 10, 17 and 29 produce a slow-migrating RNA (Fig. 2, lanes 2-4) that shows no significant change in mobility after annealing of the CN1 oligo (Fig. 2, lanes 7-9) . Thus, it appears that these TAR-mutated transcripts are unable to form the LDI and instead adopt the BMH conformation. However, a faint band of fast mobility was observed for the 58/290 transcript lacking the complete TAR hairpin (Fig. 2, lane 5 ). This band is absent upon annealing of the CN1 oligo (Fig. 2, lane 10) , and was not observed on denaturing gels (data not shown), suggesting that LDI formation is not completely dependent on the presence of the TAR hairpin.
HIV-1 transcripts with mutant TAR structures can be induced to adopt the LDI conformation
We tested a variety of renaturation protocols to assess LDI formation of transcripts with a mutant TAR structure. We found that slow rates of cooling during transcript renaturation significantly increased the fraction of transcripts that adopt the LDI (data not shown). The cationic constituents of the renaturation buffer also influence LDI formation. This is shown in Figure 3A , where transcripts 58/290, 17/290 and 1/290 were slowly cooled in a buffer lacking counterions and buffers containing 100 mM Na + with 0, 0.1 or 1.0 mM Mg 2+ . The wildtype transcript adopts the LDI at ∼70% efficiency in the buffer lacking counterions (Fig. 3A, lane 12) . In the presence of Na + , all of the wild-type transcripts form the LDI conformation (Fig. 3A, lane 13) , and addition of Mg 2+ has no further effect (Fig. 3A, lanes 14 and 15) . Analysis of the mutant transcripts 58/290 and 17/290 yielded some interesting differences with the wild-type RNA. Both mutant transcripts do not form the LDI in the absence of counterions (Fig. 3A, lanes 2 and 7) . Upon addition of Na + , increased LDI formation is apparent for both transcripts (Fig. 3A, lanes 3 and 8) . This effect is most prominent for the 58/290 transcript, which produces ∼25% LDI in the presence of Na + . The LDI fraction of this transcript is further increased to ∼45% by the addition of 0.1 mM Mg 2+ (Fig. 3A, lane 4) . For transcript 17/290, no further stimulation of LDI folding is observed upon addition of 0.1 mM Mg 2+ (Fig. 3A, lane 9) . Intriguingly, raising of the Mg 2+ concentration to 1.0 mM results in a reduction of the LDI fraction for both mutant transcripts (Fig. 3A, lanes 5 and 10) . We thus observe that both stimulation and inhibition of LDI formation occurs in a Mg 2+ -dependent manner.
To further investigate this effect, we analyzed the same samples on a non-denaturing gel containing 0.1 mM Mg 2+ (TBM gel, Fig. 3B ). Gels containing magnesium are commonly used in the study of HIV-1 RNA dimerization, as the kissing-loop RNA dimer does not resist electrophoresis in EDTA (21, 27, 28) . On the TBM gel, the mutant transcripts produce both monomeric and dimeric RNA. In contrast with the results on the TBE gel (Fig. 3A) , monomers of the mutant transcripts migrate as a single band on the TBM gel. The electrophoretic mobility of these monomers precisely follows the pattern of the LDI bands on the TBE gel. In particular, the 17/ 290 monomers have the same mobility as the wild-type 1/290 transcripts on the TBM gel. This suggests that the monomers observed on the TBM gel represent transcripts in the LDI conformation. This preference for the LDI structure on the TMB gel is reminiscent of the stimulatory effect of 0.1 mM Mg 2+ on LDI formation observed on the TBE gel (Fig. 3A) .
RNA dimers are observed on the TBM gel, but only for the TAR-mutated transcripts that preferentially adopt the BMH conformation on the TBE gel. As Mg 2+ stimulates dimerization of HIV-1 RNA (20, 28, 29) , this may explain the observed reduction in the LDI fraction of transcripts 58/290 and 17/290 at 1.0 mM Mg 2+ on the TBE gel (Fig. 3A) . Indeed, dimerization of the mutant transcripts 17/290 and 58/290 is nearly complete at 1.0 mM Mg 2+ (Fig. 3B, lanes 5 and 10) . Thus, the reduction in LDI formation observed on TBE gels at 1.0 mM Mg 2+ (Fig. 3A) coincides with increased dimerization of these transcripts (Fig. 3B) . The kissing-loop dimers formed in the presence of Mg 2+ do not resist electrophoresis on the TBE gel, and apparently dissociate into BMH monomers, leading to the observed reduction of the LDI conformers.
Analysis of the transcripts on the TBM gel demonstrates a marked difference in dimerization efficiency of the wild-type and mutant transcripts (Fig. 3B) . Dimers are apparent for the mutant transcripts 17/290 and 58/290, but not for the wild-type 1/290 transcript. Transcript 17/290 forms dimers up to nearly 100% efficiency in 1.0 mM Mg 2+ (Fig. 3B, lane 10) , and a low amount of dimers is formed without Mg 2+ (Fig. 3B, lane 8) . Dimerization is less efficient for transcript 58/290, reaching a maximum of 80% dimers at 1.0 mM Mg 2+ . This mutant displays a more stringent Mg 2+ requirement for dimerization at all conditions tested. In general, an inverse correlation between LDI formation and RNA dimerization is apparent. Efficient LDI formation follows the order 1/290 > 58/290 > 17/290 (Fig. 3A , TBE gel), and efficient dimer formation is observed in the order 17/290 > 58/290 > 1/290 (Fig. 3B, TBM gel) . These results indicate that the LDI and RNA dimers represent mutually exclusive structures, which is consistent with the proposed base pairing schemes (Fig 1B) .
The results described above support the notion that the BMH structure is the conformation of the monomeric RNA that allows formation of the RNA dimer. In particular, TAR mutants favor the BMH over the LDI structure, and therefore display a marked increase in RNA dimerization. We found that Mg 2+ can stimulate both LDI and dimer formation of transcripts containing mutant TAR structures. Wild-type transcripts form the LDI conformation at all conditions tested, which explains the apparent inability of this RNA to dimerize readily. In summary, two important results derive from the experiments described above: (i) mutations in TAR lead to a preference for the BMH over the LDI structure (Fig. 3A , TBE gels), and thus favor RNA dimerization (Fig. 3B, TBM gels) and, (ii) the LDI:BMH equilibrium can be modulated by cations.
The effect of magnesium on the stability of the LDI conformation
Whereas wild-type HIV-1 transcripts do not require Mg 2+ for LDI folding, the results with the TAR mutated transcripts suggest that Mg 2+ increases the stability of this RNA conformation. To test this, we performed UV-absorbance melting experiments with the wild-type transcript in the absence and presence of Mg 2+ (Fig. 4) . The melting profile of the wild-type 1/290 transcript (Fig. 4A) is characterized by two major transitions in the absence of Mg 2+ : a high intensity transition with T m = 50°C (T 1 ) and a second transition of lower intensity at T m = 67°C (T 2 ). We previously demonstrated that these transitions correspond to the LDI and the TAR hairpin, respectively (18) .
Addition of increasing amounts of Mg 2+ gradually shifts both peaks to higher temperatures (Fig. 4) , demonstrating that Mg 2+ stabilizes both the extended LDI duplex and the TAR hairpin. We did observe some broadening of transition T 1 at 1.0 mM Mg 2+ , which is the result of melting over a wider temperature range. Broadening of this transition coincides with a decrease in peak intensity, which is reflected in a decrease of the numerical value of δA/δT (Fig. 4B ). This effect is not observed for transition T 2 , suggesting that specific broadening of the LDIassociated melting transition T 1 at 1.0 mM Mg 2+ is due to increased flexibility of this RNA domain. Thus, even though the LDI duplex may be stabilized by Mg 2+ , the energy barrier between alternate conformations could be reduced. These results are consistent with the observation that both LDI formation and RNA dimerization benefit from Mg 2+ (Fig. 3) .
The LDI conformation of HIV-1 transcripts restricts RNA dimerization
The structure of monomeric HIV-1 leader transcripts is best described by an equilibrium between two alternate conformational states, the LDI and BMH structures (Fig. 1B) . For wildtype transcripts, the LDI conformation is strongly favored. Mutations in TAR result in a shift towards the BMH structure, an effect that varies with the buffer composition (Fig. 3) . This equilibrium between two alternate HIV-1 leader RNA conformations is further complicated by the observation that the BMH conformation allows subsequent formation of the RNA dimer. To further dissect this complex three state equilibrium of HIV-1 RNA structures, we performed dimerization assays at varying RNA concentrations, the reasoning being that RNA dimerization is sensitive to the RNA concentration because it represents an intermolecular base pairing interaction. We choose to compare the wild-type 1/290 transcript with the mutant 17/290 transcript, which has the most severe impact on the LDI:BMH equilibrium.
An increasing amount of unlabeled RNA was added to a 5 nM solution of radiolabeled RNA. Samples were allowed to dimerize and analyzed on a TBM gel (Fig. 5A ). Bands were quantitated to determine the dimerization efficiency (Fig. 5B) . As expected, both transcripts showed an increased dimerization efficiency in response to an increasing RNA concentration. However, the wild-type 1/290 transcript forms dimers much less efficiently than transcript 17/290, consistent with the results in Figure 3 . At the lowest RNA concentration tested (5 nM), the wild-type 1/290 transcript forms monomers exclusively, whereas transcript 17/290 produces 16% dimers. At 50 nM RNA, dimerization yields remain <2% for the wild-type transcript, whereas the 17/290 transcript exceeds 50% dimers. Finally, transcript 17/290 yields almost exclusively dimers at RNA concentrations >250 nM, but the wild-type transcript yields at most 40% dimers at 2.0 µM.
The wild-type 1/290 transcript demonstrates reduced dimerization compared with the mutant 17/290 transcript at all RNA concentrations tested. Because the DIS sequence is identical in both transcripts, this result suggests that the differential dimerization capacities relate to the difference in conformation of these transcripts. The wild-type 1/290 preferentially adopts the LDI conformation and dimerization of this transcript necessitates the rearrangement into the BMH to expose the DIS hairpin. Thus, dimerization of the wild-type transcript follows a two-step mechanism: (i) an intramolecular structural rearrangement and (ii) the subsequent intermolecular interaction of two monomer BMH subunits. Transcript 17/290 preferentially adopts the BMH and dimerization of this transcript therefore does not require the LDI to BMH structural rearrangement. For this transcript, dimerization is essentially a one-step mechanism of association of two BMH conformers through DIS loop-kissing.
DISCUSSION
We have studied the ability of wild-type and TAR-truncated HIV-1 leader transcripts to adopt two mutually exclusive conformations: the thermodynamically favored LDI between the poly(A) and DIS domains and the alternative BMH structure. Disruption of the TAR hairpin negatively influences formation of the LDI, thus resulting in a preference for the alternative BMH structure. In addition, we observed a strict inverse correlation between the effect of TAR mutations on LDI formation and RNA dimerization. Consistent with previous results with other HIV-1 RNA mutants that do not form the LDI (18) , folding of the alternative BMH structure correlates with increased dimerization, which is known to proceed through the exposed DIS hairpin (20) (21) (22) .
Deletion of TAR does not completely block LDI formation, and partial recovery of the LDI is achieved by adjusting buffer conditions. Specifically, LDI folding was significantly restored by addition of Na + and Mg 2+ to the renaturation buffer, which is reminiscent of metal ion rescue of tertiary RNA structures (30, 31) . These results indicate that TAR is not essential for LDI formation, which is consistent with the proposed secondary structure model (Fig. 1) . We observed that the defect in LDI formation is less severe for transcripts in which the complete TAR hairpin has been deleted than for transcripts with partial TAR deletions. The reduced LDI formation of the latter transcripts may be due to misfolding. Deletions in the 5′ side of the base paired TAR stem will render the 3′ complement single-stranded, and thus available for alternative base pairing. For instance, TAR nucleotides 51-57 share a high complementarity with nucleotides 105-111 just downstream of the poly(A) domain. Mfold analysis predicts this base pairing scheme for transcripts containing truncated TAR structures (data not shown). Base pairing of nucleotides 51/57-105/111 extends the poly(A) hairpin by 5 additional WatsonCrick base pairs, and will therefore favor the BMH structure. We have previously demonstrated that stabilization of either the poly(A) or DIS hairpin inhibits formation of the LDI, and consequently results in increased dimerization (18) . Removal of the complete TAR hairpin eliminates this misfolding possibility, thus explaining the intermediate phenotype of the 58/ 290 transcript. There is also some evidence that this misfolding trap is avoided in vivo. Evolution of HIV-1 viruses with a disrupted TAR stem through substitution of nucleotides 3-16 resulted in rapid acquisition of substitutions at positions 51-54, thereby eliminating base pairing to nucleotides 105-111 (7) .
Deletion of the entire TAR hairpin does not completely relieve the preference for the BMH conformation, indicating that the structural integrity of TAR does affect the structure of the downstream leader RNA. The TAR hairpin and the LDI duplex are observed as independently structured domains in UV melting experiments. UV melting experiments suggest that the structural flexibility of the LDI, but not of TAR, is increased by Mg 2+ . This was observed as peak-broadening of the LDI-associated melting transition at high Mg 2+ levels. By increasing the number of conformational states accessible to this RNA domain, Mg 2+ could reduce the energy barrier of the LDI to BMH structural rearrangement, and thus facilitate RNA dimerization. This idea is supported by the observation that the wild-type HIV-1 transcript produces reduced levels of LDI conformers at Mg 2+ concentrations >5.0 mM (19) . The effect of Mg 2+ on the HIV-1 RNA conformation suggests that Mg 2+ binds differentially to the LDI and BMH conformations, presumably through specific metal-coordination sites. Because Mg 2+ concentrations may vary in different cellular compartments and in virion particles, this raises the interesting possibility that the HIV-1 leader RNA can adjust its structure in response to the chemical environment.
The melting transition associated with the TAR hairpin is not subject to broadening upon addition of magnesium, indicating that the TAR hairpin is a relatively rigid structure. In fact, this rigidity may be an important feature of the influence of TAR on the folding of the downstream leader domain. TAR could act as a scaffold for LDI-folding of the downstream RNA domain. This could be accomplished through co-axial stacking of adjacent helical domains or the stabilization of poly-helical junctions. Additional interactions may exist between TAR and the downstream HIV-1 leader RNA. For instance, the TAR loop is a potential candidate for additional base pairing interactions (32) . However, in the course of these experiments we have not observed any evidence for such a tertiary interaction. In particular, the observation that the 58/290 transcript forms the LDI more efficiently than other TAR-mutated transcripts argues against the involvement of the TAR loop in a tertiary interaction. This was confirmed by electrophoretic and UV-melting analysis of transcripts in which the TAR loop sequence was mutated from CUGGGA to CUAAAA or UCAAAG, which did not affect LDI folding and RNA dimerization (data not shown).
A word of caution derives from the data presented in this study. We have demonstrated that 5′ TAR deletions have a considerable influence on the LDI:BMH equilibrium, and consequently on RNA dimerization. Studies on the dimerization of retroviral transcripts often make use of extensively truncated constructs. Our results demonstrate that the ability to perform the LDI to BMH structural transition is a key determinant in formation of the RNA dimer. The thermodynamically favored LDI conformation considerably inhibits the ability of HIV-1 RNA to dimerize. Taking into account this competition between two structural conformers of the HIV-1 leader RNA may help resolve the discrepancy between the results from in vitro and in vivo dimerization studies (12, (33) (34) (35) (36) . Furthermore, the observation that mutations in HIV-1 TAR affect the conformation of the downstream leader RNA could account for some of the in vivo defects reported for TAR-mutated virus constructs. There is accumulating evidence that mutations in TAR affect virus replication mechanisms other than transcriptional activation. For instance, disruption of the TAR hairpin has been observed to affect RNA packaging and reverse transcription by several groups (12) (13) (14) (15) (16) (17) . We have previously postulated that the conformational polymorphism of the HIV-1 leader may act as a molecular switch in the viral replication cycle, thus accommodating regulatory signals for both the gene expression and genome packaging pathways (18) . The data presented in this study demonstrate that mutations in the TAR hairpin significantly alter the RNA equilibrium that constitutes the regulatory switch. Thus, some of the virus replication defects observed upon mutation of TAR may be attributable to its influence on the structure of the downstream leader RNA.
